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The formation via repetitive potential cycling of a thin nickel oxy-hydroxide film on conductive Au,
GC and Pt support surfaces is described. The redox and acid/base behavior and electro-catalytic
activity with respect to water oxidation to form molecular oxygen of nickel oxyhydroxide thin films on
gold support surfaces in aqueous base are described. A novel OER mechanism involving Ni surfaquo
groups is keeping with current ideas on homogeneous water splitting is proposed. Finally the potential
of the oxide modified electrode with respect to real time pH sensing is examined.
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1. INTRODUCTION

The physical electrochemistry of nickel and its oxides are been a rich source of innovative
research for nearly fifty years. This work has been prompted by the uses that nickel hydroxide has
found in energy storage technology. For instance Ni(OH), is widely used as a cathode material in NiCd
[1] and NiMH [2,3] batteries. It is also the case that nickel, cobalt and mixed oxides (rutile, spinel and
perovskite type oxides) are considered to exhibit excellent electrocatalytic properties for the
electrochemical oxidation of water to generate molecular oxygen gas in water electrolysis cells [4-12].
Nickel is widely used in water electrolysis since it is inexpensive and is corrosion resistant in strongly
alkaline solution. Unlike our previous papers which have focused on metal oxyhydroxide thin films
formed via repetitive potential cycling of the parent metal in aqueous alkaline solution, instead, in this
paper attention is focused on the formation and characterization of electrochemically prepared
Ni(OH); thin films prepared on metallic support electrode surfaces such as gold. This paper is part of a
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series of investigations on metal oxides of the iron group which are currently ongoing in our laboratory
[13-22] following on from work initially published some time ago [23-26].

Nickel oxide films on metal support electrodes have been extensively studied. Several chemical
/ electrochemical methods of preparing these films have been described in the literature. These include
electro-dissolution of nickel substrates in alkaline solutions [27], chemical precipitation by alternate
immersion in alkaline and Ni?* ion containing solutions [28], cathodization of the conducting substrate
which is in contact with a Ni?* solution to form Ni(OH), films [29,30], by anodization of a nickel salt
solution to generate higher oxidation state NiOOH films [31] and finally by application of a repetitive
potential sweep multicycling potential programme between fixed defined cathodic and anodic limits to
a metal electrode in contact with a Ni** plating solution [32]. In the present paper we adopt the latter
potential method proposed by Fantini and Gorenstein [32] since it is similar to the technique adopted
by us to form hydrated metal oxy-hydroxide thin films on the parent metal surface [13-22].

It is well established that detailed analysis of the pure crystalline phases of Ni(OH), and
NiOOH has enabled the existence of different structures to be inferred: a somewhat stable B-Ni(OH)
form and a more unstable hydrated o-Ni(OH,) structure which has been shown to exist in two distinct
forms. It should be noted that the nickel hydroxide species formed by electrochemical deposition do
not necessarily exhibit a well crystallized form. However the terminology just presented has been used
extensively in the electrochemical literature for the B and o —Ni(ll) species. If the latter films are
subjected to oxidation in alkaline solution then the oxidation products are referred to as NiOOH oxy-
hydroxides and are designated as B-NiOOH and y-NiOOH respectively. The latter structure is the more
stable of the two oxy-hydroxide species and has been shown to exist in two separate forms.
Furthermore by subjecting the nickel oxide thin film to repetitive potential cycling in aqueous alkaline
solution between limits defining the stability of water, a distinctive voltammetric profile is obtained
which contains peaks corresponding to the reversible Ni(OH),/NiOOH redox transformation which in
its most simple representation is given by Ni(OH), = NiOOH + H* + ¢". It should be noted however
that the stoichiometry of the latter redox switching reaction is considerably more complex and has
been recently elucidated by the use of the EQCM method [33-36]. A non-stoichiometric structural
model to characterize changes in the nickel hydroxide thin film during potential cycling has been
recently provided by Weidner et al. [37]. The oxidized and reduced states of the nickel hydroxide films
have different colours and so the thin film gives rise to an electrochromic effect. It has been
established that nickel hydroxide is transparent or green (depending on the film thickness) and nickel
oxyhydroxide exhibits a bronze like colour [38,39]. In potentiodynamic experiments coloration is
observed during the anodic half cycle and bleaching in the cathodic half cycle. This sequence of
coloration/bleaching is similar to that observed for anodic iridium oxide [40] and opposite to that for
tungsten oxide [41]. It is also important to note that Ni(OH), is an electronically insulating material
whereas NiOOH is an n-type semiconductor with low electronic resistance [29]. Ni(OH), is however a
very good protonic conductor [42,43].

In the present paper attention is focused on examining the redox switching and electrocatalytic
behavior with respect to oxygen gas evolution in base at nickel hydroxide thin films. The latter nickel
hydroxide thin films are deposited on gold support surfaces via potential cycling from an aqueous
acetate buffer solution containing Ni** at pH 7.6. Relatively little work has been done on a
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comprehensive Kinetic analysis of the water oxidation kinetics and mechanism at such thin films. We
compare these results with our recently published work on hydrated nickel oxyhydroxide films grown
via potential cycling on nickel support electrodes in aqueous base [13].

2. EXPERIMENTAL

All experiments were conducted in a conventional three electrode cell. The working
electrode was a CHI 101 inlaid gold disc electrode of 2mm diameter and geometric area 0.1 cm?.
Prior to each experiment the surface of the working electrode was polished with 1200 grit carbimet
paper, dipped in H,SO,4, wiped, and polished with a slurry of 0.3 micron alumina powder until a
“mirror bright” finish was achieved. A platinum wire electrode (CH Instruments, cat no. CHI 115)
was employed as the counter electrode and a mercury-mercuric oxide (Hg/HgO) reference
electrode (CH Instruments, cat no. CHI 152) was utilised as the reference standard, therefore all
voltages are quoted against this reference electrode®. When used in NaOH solutions of different
concentrations, the potential of the Hg/HgO electrode was checked relative to a second Hg/HgO, 1
M NaOH electode, both before and after the experiment. No significant potential drift was noted
after such experiments, implying that the concentration of the NaOH in the reference electrode
chamber remains effectively constant over the time scale of typical polarisation measurements. In
any case, the 1M NaOH solution in the reference electrode, was changed regularly to ensure
experimental consistency.

Agueous NaOH solutions (in the range between 0.1 and 5.0 M) served as the supporting
electrolyte for the redox switching and electrocatalytic studies. This solution was prepared from
sodium hydroxide pellets (Sigma-Aldrich, minimum 99% purity) using Millipore water (resistivity >
15 MQ cm). Before commencing each experiment, nitrogen gas was bubbled through the electrolyte
solution for 20 min. The nickel hydroxide thin films were prepared following the method of Fantini
and Gorenstein [32]. In these electrodeposition experiments an acetate buffer electrolyte consisting of
Nickel sulfate (0.1 M), sodium acetate (0.1 M) and potassium hydroxide (0.001M) with a pH value of
7.6 was used to cathodically deposit the nickel hydroxide thin film onto the gold disc electrode. The
potential was cycled from — 900 mV to + 1200 mV (the latter potentials were measured w.r.t a SCE in
the acetate buffer medium) at a potential sweep rate of 50 mV/s. Films of different thicknesses were
prepared by varying the number of growth cycles.

The electroprecipitated Ni oxy-hydroxide films were transferred to aqueous base solution and
the redox behavior examined using cyclic voltammetry and Tafel Plot analysis. Films formed after
extended (> 45 cycles) tended to exhibit instability when subjected to extended polarization during
electrochemical experiments performed under conditions of vigorous oxygen evolution in aqueous
base. Hence much of our results will pertain to films grown after 30 cycles.

! The equilibrium potential of the cell Pt/H,/OH/HgO/Hg is 0.926 V at 298 K. Since the equilibrium oxygen electrode potential is 1.229
V vs RHE, it follows that the corresponding value is 0.303 V vs Hg/HgO in the same solution. Hence Eygrgo = Erne —0.926 V. It is
common practice in the literature on the OER to express potential in terms of the oxygen overpotential 1, when the reference electrode is
a Hg/HgO electrode in the same solution as the working anode. Clearly, in this case the overpotential 1 is related to E,s measured on
the Hg/HgO scale as follows: 1 = Epeas — 0.303 V (at T = 298 K).
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The electrochemical measurements were performed using a number of high performance digital
potentiostats including a BAS 100B Electrochemical Analyser and a CH Model 760 D Bi-potentiostat
system. Both workstations were controlled by high end desktop Personal Computers (Dell). The
uncompensated solution resistance was determined using a method developed by He and Faulkner
[45]. Typically the uncompensated solution resistance (90% compensation level) varies from ca. 0.60
Q for [OH] =5.0 M to ca. 12.1 Q for [OH] = 0.1 M. This parameter was specifically considered in
the Tafel plot measurements, where the data is presented in iR compensated form. Unless otherwise
specified, all values of current density are normalised with respect to the geometric surface area.

Charge storage capacity (redox capacity), Q, were determined via integration of the peaks
recorded in the voltammetric profiles at slow sweep rates. The redox capacity is directly proportional
to the layer thickness. The charge storage capacity or redox capacity (Q) was determined, following
the growth of each film, by integration of the peaks in a voltammetric profile recorded at a slow sweep
rate (40 mV s™). The redox capacity is directly proportional to the layer thickness. Tafel plots were
recorded for each film using linear sweep voltammetry performed at a sweep rate of 1 mV s™.

3. RESULTS AND DISCUSSION

3.1 The electrodeposition process

The nickel hydroxide layer was generated via application of a cyclic potential sweep with
limits straddling the region of stability of water to a conductive electrode (either Au, GC or Pt) which
was placed in contact with an aqueous acetate buffer solution containing Ni?* ions and OH" ions. This
method was chosen in preference to that of direct cathodization of the electrode. The potential was
cycled from — 900 mV to + 1200 mV (the latter potentials were measured with respect to a SCE in the
acetate buffer medium) at a potential sweep rate of 50 mV/s. The results of a series of typical potential
sweep experiments are presented in fig.1 — fig.3 below. The voltammetric response is similar to that
observed during the electropolymerization of a conducting polymer thin film from a solution
containing the monomer. The voltammogram is quite unlike that expected for unmodified gold,
platinum or glassy carbon electrodes at a similar pH. A number of features are of interest. A clear
oxidation peak is observed at a potential close to 0.9 V vs SCE and two reduction peaks are observed
at less anodic potentials during the cathodic sweep for Au and GC electrodes at potentials close to ca.
0.80 V and 0.50 V respectively. In contrast only a single reduction peak is observed for the film grown
on Pt support at 0.5 V but this is preceeded by a broad reductive plateau feature which is initiated after
reversal of the potential sweep direction at the upper limit of the scan. It is also interesting to note that
the peak potential associated with the oxidation peak shifts to more positive values with increasing
number of potential cycles for all three support electrodes. This is indicative of the formation of an
increasingly resistive film on the support electrode surface as the layer of nickel hydroxide increases in
thickness with increasing number of potential cycles.
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Figure 1. Repetitive potential sweep voltammograms corresponding to nickel hydroxide film
formation at a gold support electrode from an acetate buffer solution, pH 7.6 containing Ni**.
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Figure 2. Repetitive potential sweep voltammograms corresponding to nickel hydroxide film

forzmation at a platinum support electrode from an acetate buffer solution, pH 7.6 containing
N[

We note that the electro-deposition process may proceed as follows:

Ni?* (ag) + 2 OH = Ni(OH), (1)
The following process may also occur as the applied potential becomes more anodic:
OH- 9 OHads + e- (2)

Ni?* (aq) + H,O + OHags > NiOOH + 2 H* (aq) (3)
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Figure 3. Repetitive potential sweep voltammograms corresponding to nickel hydroxide film

formation at a glassy carbon support electrode from an acetate buffer solution, pH 7.6
containing Ni?*,

The following process may also occur in the solution:

Ac + H,0 > HAC + OH" (4)
Ni** (ag) + OH > NiOH"(aq) (5)
NiOH" + OHags > NiOOH + 2 H* (6)

Hence we infer that both Ni(OH), and NiOOH may well be formed during the course of the
potential sweep perturbation. The reactions presented in eqn.1-6 have been identified as reasonable in
the classic work by Briggs and Fleischmann [31]. The latter reaction sequence should be compared
with the more common method by which nickel hydroxide thin films are prepared in which Nickel
nitrate and potassium nitrate solutions in 50% ethanol/water mixtures are used [43] and the latter
solution subjected to a cathodic current density of ca 1 mA/cm? for a fixed period of time. Under such
circumstances the deposition chemistry is considerably more complex and involves the direct
reduction of nitrate ion NOs  to either nitrous acid (HNO,), hydroxylamine (NH,OH), or by indirect
reduction of nitrate ion to nitrite ion (NO") or hydroxylamine. In all cases the hydroxyl ion OH"
generated as a result will form either a-Ni(OH), or B-Ni(OH), according to eqn.1. The use of a water
ethanol mixture has been shown to enhance the adhesion of the oxide film to the metal support surface.
This methodology has been well described by Subbaiah et al [45] and by Weidner et al [46].

The cyclic voltammetric responses of an unmodified Au electrode and a gold electrode
modified with a nickel hydroxide thin film are compared in fig.4 and fig. 5 respectively. Both were
recorded at a sweep rate of 40 mV/s in 1.0 M NaOH. In these experiments potentials were measured
and quoted with reference to the Hg/HgO (1 M NaOH) reference electrode.
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Figure 4. Cyclic voltammogram recorded for a bright polycrystalline gold electrode in 1.0 M NaOH.
Sweep rate, 40 mV/s. Potentials are quoted with respect to Hg/HgO reference electrode (1 M
OH)
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Figure 5. Cyclic voltammogram recorded for a polycrystalline gold electrode modified with a thin
nickel hydroxide film (30 growth cycles) in 1.0 M NaOH. Sweep rate, 40 mV/s. Potentials are
quoted with respect to Hg/HgO reference electrode (1 M OH")

The cyclic voltammogram illustrated in fig. 4 for a polycrystalline Au electrode in 1.0 M
NaOH is quite characteristic. The redox electrochemistry of gold in acid and base has been reviewed
by Burke [47]. The anodic sweep is characterized initially by a featureless double layer region which
extends from ca. -0.4 V to 0.2 V, which is followed by a broad oxidation feature with a peak close to
0.48 V (Vs Hg/HQgO). This is ascribed to monolayer compact oxide Au,03 formation according to:

AU+3H209AU203+6H++66_ (7)

The corresponding oxide reduction peak is noted at 0.15 V (vs Hg/HgO). The area under the latter
reduction peak may be used to estimate the real surface area of the polycrystalline gold electrode. By
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contrast, the voltammogram obtained in 1.0 M NaOH for a polycrystalline gold electrode which has
been modified with a thin Ni(OH), layer (30 oxide growth cycles in pH 7.6 acetate buffer containing
Ni?* ions) is presented in fig. 5. The voltammogram is quite different in shape from that outlined in
fig.4. Again a well defined double layer region is observed initially during the anodic sweep until the
onset of an anodic oxidation peak with a maximum at 0.406 V. This is followed by a minor anodic
peak at 0.553 V. Water oxidation commences at ca. 0.65 V. On the reverse sweep in the cathodic
direction a minor peak is observed at 0.44 V followed by a reductive peak of greater current intensity
at 0.332 V. Finally at the lower cathodic limit of the sweep a rather broad reduction peak centered at
0.15 V can be noted. The latter feature may well be ascribed to the reduction of the Au(lll) oxide
Au,03 to metallic Au (the reverse of eqn.7). It is interesting to note that the current values are
considerably larger for the nickel hydroxide modified electrode than for the unmodified electrode. The
major redox transition with a standard potential of ca.E° = 0.37 V can be assigned to the Ni (11/111)
surface transformation:

a-Ni(OH), + OH™ > y- NiOOH + H,0 + ¢ (8)

We assume that the hydrated a- Ni(ll) species is preferentially formed. The a-Ni(ll) then
transforms to the y-Ni(lll) species. The standard potential measured in the present work for this major
redox peak pair is some 0.1 V less anodic than that quoted by Subbaiah et al [45] for the B-Ni(ll/III)
transition. The peak potential separation AE, = 74 mV which points to the suggestion that the
Ni(ID/Ni(111) surface redox transformation is not quite reversible. The minor oxidation peak observed
at 0.553 V and its cathodic counterpart at 0.44 V, could in principle be ascribed to the B-Ni(ll)/p-
Ni(I11) redox transition with E° = 0.496 V. Hence we write:

B-Ni(OH), + OH > B- NiOOH + H,0 + ¢ 9)

The latter value is exactly that proposed by Subbaiah and co-workers [45]. Furthermore for this
pair of redox peaks AE, = 113 mV. Hence the second set of redox peaks is electrochemically more
irreversible than the former set. This interpretation seems reasonable since Bode and co-workers [48]
envisaged that the oxidation of a-Ni(OH), to y-NiOOH would occur at a lower potential than the redox
transition between the two 3 phases. The redox chemistry may therefore be rationalized in terms of the
transitions outlined in scheme 1 below.

a-Ni{OH), + v-NiOOH
} T
A-Ni(OH), < B-NIOOH

Scheme A
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Our suggestion is strengthened by data reported by Weherns-Dijksma and Notten [35] and by
Kim et al [49,50]. The latter workers focused attention on a combined CV/EQCM analysis of electro-
precipitated B-Ni(OH), and a- Ni(OH); thin films. The former 3 phase may be formed readily from the
o phase by ageing and dehydrating the latter in strong base (6 M KOH) at elevated temperature (50
°C). Kim et al showed that the o/y and /B phases exhibited redox peaks at distinctly different
potentials. The a/y redox transition occurred at a lower potential than the /B transition. Furthermore it
was demonstrated that the a/y transition was more electrochemically reversible than the /B transition
(AE, = 75 mV compared with AE, = 117 mV). The latter quantitative results are almost exactly similar
to our present result where the two sets of peaks are present conjointly in the film during the same
voltammetric scan. EQCM analysis indicated that the a-Ni(OH), and the B-Ni(OH), mass changes
exhibited significant differences. It was noted that the potential range over which the o-Ni(OH); film
exhibits a mass change coincides with that within the current peaks appear in the corresponding
voltammogram. This suggests that the o/y redox transition induces the mass change within the film.
The film mass was found to remain constant as the potential was swept anodically from 0.25 V to ca.
0.39 V (vs Hg/HQgO) and increased significantly once an onset potential of ca. 0.40 VV was attained.
The sharp rise in mass increase was limited to a potential window of ca. 20-30 mV. After 0.45 V the
mass change remaind relatively invariant. On reversal of the sweep at 0.55 V and sweeping in a
cathodic direction the mass change remaind constant until a potential of ca. 0.4 V was attained.
Subsequent to that the mass decreased sharply until a potential of 0.35 V where it again attaind a
constant value. The latter mass was slightly higher than that measured at the beginning of the anodic
sweep. In contrast it was noted for the B-Ni(OH), film the anodic peak maximum occurred at ca. 0.50
V prior to the onset of oxygen evolution which occurred at potentials greater than 550 mV (vs
Hg/HgO). This Ni(ll/I1l) transition was some 70 mV more positive than the corresponding peak
observed for the a-phase material. It was also observed that the mass of the film remained constant on
sweeping the potential anodically from ca. 300 mV to ca. 480 mV but subsequently decreased at
potentials close to the location of the anodic peak maximum. The mass remained constant again when
sweeping to potentials more positive than 530 mV. Reversal of the direction of the potential sweep
resulted in a constant mass until a potential value close to 400 mV was attained. Sweeping to potentials
more cathodic than this threshold value (corresponding to the cathodic peak maximum) resulted in an
increase in mass. Hence the mass change behavior associated with redox switching of the B-Ni(OH),
film is opposite to that observed for the a-Ni(OH), film. This can be rationalized in terms of the
differing structural features of the two phases, most notably the differing inter-slab differences (the
latter being much smaller for the B-material than for the o) as outlined schematically in scheme 2
below.

It is important to note however that it is somewhat inappropriate to think about the formation of
a compound or phase with a definite stoichiometry during the complex Ni(OH), to NiOOH
transformation. Instead the four phases of the Bode scheme [48] (outlined in scheme 2, or a modified
version of it [51,52]) should be considered as the limiting divalent and trivalent materials- the actual
composition of the oxide at a given potential depending on a range of factors including : its history,
method of preparation, degree of hydration, defect concentration etc.
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Schematic representation of Bode Scheme of squares. The discharged or reduced Ni(OH),
material can exist either as a largely anhydrous phase designated as B — Ni(OH), (denoted B-
Ni(Il)) or as a hydrated phase denoted as a-Ni(OH), (in short represented as a-Ni(ll)). Oxidation
of the B-Ni(Il) material is envisaged to produce a phase referred to as B-NiOOH or B-Ni(lll). In
contrast oxidation of the a-Ni(ll) material produces y-Ni(lll) or y-NiOOH. Hence one expects two
distinct redox transitions : B(I1)/B(111) and a(1)/y(111).

In fig.6 we illustrate the voltammogram recorded for a Nickel hydroxide film grown on a
glassy carbon support electrode for 30 cycles from the Ni®* plating solution via the potential sweep
method previously described and recorded in 1.0 M NaOH. Unlike the result presented in fig.5
only a single pair of clearly defined voltammetric peaks are noted in the voltammogram. In this
case the anodic peak at ca. 0.40 V is quite sharp and well defined and is followed by an ill defined
shoulder located at a potential close to 0.50 V. The onset of visible oxygen evolution occurs at ca.
0.65 V. On the reverse sweep a shoulder at ca. Ca. 0.44 V may be discerned followed by a
somewhat better defined broad reduction peak at ca. 0.33 V. Again both Ni(OH), phases may be
identified but in this case the BB-transition is not as defined as it was in fig.5. The ay transition is
quite distinct however. It is also interesting to note the difference in peak shape observed for the
anodic Ni(ll/111) ay redox transition and its cathodic counterpart. The oy peak is sharp and very
well defined, the redox transformation occurs over a relatively narrow potential window. The peak
width at half peak height is typically ca. 40-50 mV at a sweep rate of 40 mVs™ and the oxidation
current rises very sharply indicating that the Ni(Il)/Ni(lll) transition is kinetically facile. In
contrast the yo reduction process is less kinetically facile since the reduction peak is broad thereby
signifying a spread in reduction rate constants for the Ni(lII)/Ni(ll) redox transformation within
the oxide layer.
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Figure 6. Cyclic voltammogram recorded for a glassy carbon electrode modified with a thin nickel
hydroxide film (30 growth cycles) in 1.0 M NaOH. Sweep rate, 40 mV/s. Potentials are quoted
with respect to Hg/HgO reference electrode (1 M OH").

In fig.7 we illustrate the voltammogram recorded for a Nickel hydroxide film grown on a Pt
support electrode for 30 cycles from the Ni?* plating solution via the potential sweep method
previously described and recorded in 1.0 M NaOH. Here the voltammetric response is less complex
than that exhibited in fig.5 and fig.6. Only a single well defined pair of redox peaks is observed.
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Figure 7. Cyclic voltammogram recorded for a Pt electrode modified with a thin nickel hydroxide film
(30 growth cycles) in 1.0 M NaOH. Sweep rate, 40 mV/s. Potentials are quoted with respect to
Hg/HgO reference electrode (1 M OH").

Here both the oxidation and corresponding reduction peaks are narrow, although the cathodic
charge capacity is somewhat less than the anodic.

In a further series of experiments the effect of oxide growth scan rate on the redox
characteristics of an electrodeposited nickel oxide thin film on gold support electrodes was determined.
The film was deposited at the pre-determined sweep rate (typical values used were 10, 20 and 50
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mV/s) for N = 30 growth cycles and the resulting voltammogram examined in 1.0 M NaOH at a sweep
rate of 40 mV/s. The results obtained are presented in fig.8 below.
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Figure 8. Cyclic voltammogram recorded for a Au electrode modified with a thin nickel hydroxide
film (30 growth cycles) in 1.0 M NaOH. Sweep rate, 40 mV/s. Potentials are quoted with
respect to Hg/HgO reference electrode (1 M OH"). Growth sweep rate : 10 mV/s (----); 20 mV/s
(----); 50 mV/s (----)

A number of interesting features may be discerned from fig.8. First, a single anodic and a
cathodic doublet is observed for the layer grown for 30 cycles at 10 mV/s. An anodic peak doublet and
a corresponding cathodic peak doublet is observed for the layer grown at 20 mV/s in a similar
deposition medium. Finally only a single broad anodic and cathodic peak is observed for the layer
grown at 50 mV/s. Hence we conclude that the timescale adopted for the layer deposition reaction
clearly effects the composition of the deposited oxide layer. Both the oy Ni(ll/I11) transition and the
BR-Ni(1I/1) transitions are observed for the layers grown at low sweep rates (long time scales)
whereas only the oy transition is to be noted for layers grown at shorter time scales. This is to be
expected since one may well expect dehydration within the layer to occur with increasing experimental
duration and this would be reflected in the appearance of the B set of redox peaks at more elevated
potentials than the ay set. Second, the voltammetric peak corresponding to the oy Ni(ll/l11) redox
transition is located at lower anodic potentials for layers grown at higher sweep rates. For instance the
ay peak potential is located at ca. 420 mV for the layer grown at 10 mV/s whereas the peak is at ca.
400 mV for the layer formed via potential cycling at 50 mV/s. The corresponding reduction peak
exhibits a similar decrease in anodic potential. Third, the double layer region at low potentials appears
to remain invariant with respect to the value of the sweep rate utilized during film formation.

The ageing of the electro-precipitated nickel oxide layer was examined in a further series of
experiments. The layer was grown on a gold substrate via repetitive potential cycling (-900 to 1200
mV (vs SCE), 20 mV/s) from a Ni®" containing aqueous sulfate solution for 30 cycles. It was then
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placed in 5.0 M NaOH and cycled between the limits of 0.1 to 0.7 V at 10 mV/s for 85 cycles. The
results of this procedure are illustrated in fig.9 and fig.10.
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Figure 9. Typical voltammetric response recorded for an electroprecipitated nickel oxide film
deposited on a polycrystalline gold substrate subjected to slow multicycling (sweep rate 10
mV/s) between 0.1 and 0.7 V (vs Hg/HgO) in 5.0 M NaOH.
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Figure 10. Typical voltammetric response recorded for an electroprecipitated nickel oxide film
deposited on a polycrystalline gold substrate subjected to slow multicycling (sweep rate 10
mV/s) between 0.1 and 0.7 V (vs Hg/HgO) in 5.0 M NaOH. The initial and final response
profiles are presented.

A number of interesting features arise from the latter experiments. As outlined in fig.9 there is
a clear transition in voltammetric response with increasing number of cycles in strong base solution.
The most obvious result in fig.10 concerns the marked shift in redox peak position to more anodic
values as a result of layer ageing in strong base under electrochemical cycling conditions. The standard
potential for the Ni(11)/Ni(111) transformation varies from an initial value (N = 1) of E° =341 mV to
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E® = 379 mV after N = 85 cycles. It is also of interest to note that the Ni(l1)/Ni(lll) redox
transformation does not become more kinetically irreversible with aging to any significant extent. For
instance the anodic/cathodic peak separation AE varies from 74 mV for cycle 1 to 68 mV for cycle 85.
Finally, and perhaps most importantly, it is clear from fig.10 that the onset of oxygen evolution
decreases as a result of electrochemically multicycling the nickel oxide electrode in strong base from
ca. 650 mV for the initial cycle to ca.600 mV for the final cycle examined. Also the oxygen evolution
rate (manifested as a current) at fixed potential (E = 0.7 V vs Hg/HgO)) increases with increasing
number of potential cycles from ca. 5.5 x 10°A to 1.08 x 10™A respectively. Hence we can conclude
that a structural transformation occurs within the nickel oxide layer during the aging process in strong
base.

The electrochemical ageing experiments were repeated with the nickel oxide material cycled in
1.0 M NaOH. The results are presented in fig.11. In this case cycling in more dilute base results in a
layer which transforms from a situation where the Ni(ll/111) redox transition is more reversible (AE =
61 mV for N = 1) to somewhat less reversible (AE = 77 mV, N = 85). Furthermore the anodic peaks
shifts to more positive potential values (Ep A =392 mV for N =1 as opposed to E, o =412 mV for N =
85). In contrast the reduction peak potential remains relatively invariant on electrochemical ageing
(331 mV as opposed to 335 mV). Interestingly, the visible oxygen evolution current diminishes and the
OER onset potential increases on layer ageing. This is in marked contrast with the situation observed
for electrochemical ageing in strong base solution. It is also interesting that an ill defined anodic
shoulder at 490 mV and a cathodic counterpart at 420 mV appears after N = 85 cycles.
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Figure 11. Typical voltammetric response recorded for an electroprecipitated nickel oxide film
deposited on a polycrystalline gold substrate subjected to slow multicycling (sweep rate 10
mV/s) between 0.1 and 0.7 V (vs Hg/HgO) in 1.0 M NaOH. The initial and final response
profiles are presented.
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3.2 Redox switching within the electrodeposited layer

We now consider the results of a series of experiments, conducted to quantify the rate of
charge percolation through the hyrated layer. As previously noted for hydrous Nickel oxide layers
grown via repetitive potential cycling on the parent metal in aqueous base [13], the redox
switching reaction (associated with the Ni(ll/lll) voltammetric peaks) reflects the change in
oxidation state of the film as a result of a potential perturbation. Redox centres immediately
adjacent to the support electrode are directly affected by the electrode potential, whereas charge is
further propagated along the oxy-iron polymer strands in the porous oxide layer via a sequence of
electron self exchange reactions between neighbouring oxy-metal sites. This process is envisaged
to be analogous to redox conduction exhibited by electroactive polymer films. In the simplest
terms this electron “hopping” may be modelled in terms of a diffusional process, and so the charge
percolation rate may be quantified in terms of a charge transport diffusion coefficient, Dcr. In the
case of hydrous iron oxide, the latter may reflect either the electron hopping rate or the diffusion of
of OH" (or equivalently H30") ions via a rapid Grotthus type mechanism. The charge transport
diffusion coefficient may be quantitatively estimated using cyclic voltammetry and potential step
chronoamperometry. We adopt a similar viewpoint here for the electroprecipitated nickel oxide
film.

As previously noted the charge/discharge reaction involving a Ni(II)/Ni(lll) redox
transition within the oxide is simplistically viewed as a Ni(OH),/NiOOH transition of the type
previously mentioned. MacArthur [53], Zimmerman and Effa [54] Weidner and co-workers[55]
and Mao et al [56] have suggested that the charge/discharge process is controlled by the diffusion
of protons. The details of the redox switching process as illuminated by EQCM measurements
have been discussed by Wehrens-Dijksma and Notten [35]. In extended studies reported by
Hillman et al [33] using probe beam deflection (PBD) and EQCM techniques it was concluded that
the overall mass change detected was dependent of experimental timescale (sweep rate) and
electrolyte concentration (LiOH was used). This conclusion coulkd be used to rationalise the rather
wide range of assignments used in the literature to explain the redox switching mechanism
exhibited by electroprecipitated nickel hydroxide thin films in aqueous base. Hillman et al [33]
concluded that neutral species transfer was incomplete on the timescales of most voltammetric
experiments while redox transfer is complete. Redox transfer depends on electrolyte concentration
where neutral species transfer doers not. The experiments performed also suggested that the
reactions occurring in o and B- films are similar, differing only in the balance established between
hydroxide/proton contributions to ionic transport through the layer. They suggested that o-films
are characterized by dominant OH ion transfers (as compared with H* and OH, species transport).
In contrast B-films are characterized by increased participation of water and protons to the
exchange dynamics. A mechanism was suggested where at potentials less positive than the peak
value protons within the lattice deintercalate upon nickel hydroxide oxide oxidation, followed by
combination with OH" ion from the electrolyte to produce H,O at the oxide film/solution interface.
Hence it was suggested that while OH" ions enter the oxide H,O molecules leave . This arises
because of volume constraints within the nickel hydroxide lattice. In contrast during film reduction
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hydroxide ions are expelled, prior to the dissociation of water at the interface to produce H* and
OH'. The protons are then re-intercalated into the layer structure whilst OH" ions are expelled into
solution. This idea is presented schematically in figure 12 below.

Oxidation
1 OH-
-
H,O
Electrode F”Xm
H+
H,O
OH-
-
Reduction

Ni(OH), +OH BT NiOOH +H,0+e”

Figure 12. Schematic representation for the redox switching mechanism associated with a-nickel
hydroxide according to Hillman et al [33]. On oxidation prior to the peak potential protons
leave and hydroxide ions enter the film and combine with protons to produce water. Hydroxide
ion predominates at potentials greater than the peak potential. On reduction water molecules
dissociate to produce protons which are re-intercalated into the film lattice concurrently with
hydroxide ion expulsion.

The redox chemistry associated with the Ni(1)/Ni(l1l) transition within nickel oxyhydroxide
thin films may be further understood by examining the manner in which the peak potentials derived
from the cyclic voltammograms vary in magnitude with changes in solution pH. Burke and Lyons [27]
have shown that, for an ideal oxide electrode system in aqueous solution at 25°C, the potential
decreases with increasing pH by ca. 59 mV/pH unit with respect to a pH independent reference
electrode such as the NHE or the saturated calomel electrode (SCE). Such a potential-pH shift is
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referred to as a Nernstian shift, since it is predicted by the Nernst equation. Alternatively, if the
reference electrode is pH dependent, such as the reversible hydrogen electrode (RHE) or the Hg/HgO
electrode, no potential pH shift will be observed, since the potential of this type of electrode also alters
by ca. 59 mV per unit change in pH at 25°C. Furthermore, Burke and Lyons [26] have discussed super-
Nernstian shifts that have been observed for various hydrous oxide systems — in these cases the
potential/pH shift differs from the expected 0.059V/pH unit at 25°C. The mathematical treatment of
this situation is beyond the scope of the present paper, but suffice to say, the phenomena have recently
been qualitatively summarized [19]. Thus, a zero potential shift (with respect to a pH dependent
reference electrode) implies that both the reactants and the product possess the same net charge. A
positive potential shift with pH, is indicative of an oxidised state that is more positive than the reduced
state, whereas the converse is true in the case of an observed negative potential/pH shift.

We have recently shown [57,58] for hydrous nickel oxyhhydroxide thin films deposited
electrochemically on Ni metal supports in aqueous base that the characteristic redox peaks exhibit
clear variations with changes in solution pH as illustrated in fig.13. In particular the anhydrous
A,’/C’, peaks exhibit a regular Nernstian shift whereas the hydrous counterparts A,/C, exhibit the
characteristic of a hydrous or hyper-extended oxide [26,57,58], i.e. a super-nernstian potential-pH
shift, which typically has the value of dE/dpH = -2.303(3RT/2F) = -0.088V/pH unit at T = 298 K.
Accordingly, by analogy with a scheme produced by Burke and Whelan [59] for redox switching
of iridium oxide films, it has been proposed that the main redox switching reaction (corresponding
to the peak set A,/C, may be written as:

[Ni2(OH)s(OH2)3],> + 3nOH™ — [Ni;03(OH)3(OH,)3],> +3nH,0 + 2ne’ (10)

corresponding to an Ni(I1)/Ni(111) redox transition in a polymeric microdispersed hydrous oxide

layer.
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Figure 13. (a) Typical voltammetric response recorded for a hydrous nickel oxyhydroxide thin film on
Ni support electrode grown in aqueous 1.0 M NaOH for N = 120 cycles. Sweep rate, 40 mV/s.
Voltammetry recorded in solutions of various pH values. (b) Variation of voltammetric peak
potentials with solution pH.
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The redox switching reaction presented in eqn.10 is illustrated schematically in scheme C below.

3- 2-
OH OH; +3n H,0, + 2ne OH OH,
sy, li“‘\o”“"l\lli"\\OH m'"hll WOy, |...\\0H
it ‘Ni
HOY | Yo | Yo -3n OH HOY | ~Yo* | “YoH
OH, OH. OH, | OH,
n n
H
Scheme C

We have repeated the latter experiments for nickel oxyhydroxide thin films prepared via
potential cycling on Au support electrodes, and the results are presented in fig. 14 below. The
oxidation peak potential decreases significantly with increase in solution pH and the decrease is linear.
Typically super-Nernstian shifts of ca. — 0.096 V/dec, - 0.093 V/dec and — 0.080 V/dec were obtained
for phosphate and borate buffer solutions and un-buffered solution respectively. It is interesting to note
that a marked deviation from linear behavior was observed between pH The significant point to note
here is that one may postulate that a redox reaction involving anionic connected surfaquo groups
similar to that presented in scheme A operates for the electro-precipitated nickel oxy-hydroxide thin
film on Au supports. 11-12 in borate buffer. This could well be due to adsorption of buffer components
on electrode surface.

oxidation
1.1
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Figure 14. (a) Variation of voltammetric peak potentials (corresponding to Ni(Il)/Ni(lll) oxidation
peak) with solution pH. Nickel oxy-hydroxide thin film electrodeposited via potential cycling
(N = 30 cycles, sweep rate 50 mV/s) on Au support electrode. Data recorded both in borate (0.5
M H3BO;3; + 1M Na,SO,) and phosphate (0.05 M Na,HPO,) buffer solutions and in un-buffered
solution (1 M NaOH + 1M Na,SQO,).
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The super-Nernstian pH variation exhibited by the electro-precipitated oxide film suggests that
the latter modified electrodes may prove to be useful and sensitive pH sensor materials, especially for
physiological applications [60]. Anodically prepared iridium oxide appears to be an excellent example
of a pH sensor [61]. The variation of the open circuit potential for a series of electroprecipitated nickel
oxy-hydroxide modified gold electrodes with immersion time is outlined in fig. 15. The latter data was
obtained for an extensive range of pH values spanning the range of interest in pH sensing. It appears
that the electrodeposited nickel oxy-hydroxide films are stable under immersion at open circuit for
considerable lengths of time (10*-10° s). The open circuit potential rapidly drops to less positive values
for times greater than 10*s in solutions of low pH, typically when pH < 4. The latter is due to film
dissolution in the more acidic solution.
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Figure 15. (a) Variation of open circuit potential with time obtained for a series of nickel oxy-
hydroxide modified Au electrodes immersed in solutions of various pH values in the range 1-
14.
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Figure 16. Variation of open circuit potential with solution pH values in the range 1-14 recorded for a
nickel oxy-hydroxide modified Au electrode..
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The variation of open circuit potential with solution pH is outlined in fig.16. The potential
values were recorded over a range of times from 200 to 15,000 seconds. A good linear correlation is
obtained with dE,./dpH =-0.080V /dec. Again the response is super-Nernstian signifying a
sensitive response of the oxide electrode to changes in pH. The response of the nickel oxide electrode
to changes in solution pH recorded during a Strong Acid/ Strong Base titration (1M H,SO4/ 1M
NaOH) are presented in fig. 17 below. It is clear that the nickel oxy-hydroxide modified electrode
follows the course of the titration very effectively. The open circuit potential responds very well to the
rapid pH change observed near the equivalence point. The response is at least as good as that recorded
for a commercial glass pH sensing electrode.

16 1.4
14 - L 12
12 -
r 1.0 2
i L
10 ;/ )
08 w
I UJ
o 81 c_>u
r06 =
c
6 g
g
- 0.4
4 -
2 0.2
o T T T T T 0.0
0 10 20 30 40 50

Volume Sulphuric Acid Added / cm”3

Figure 17. Strong acid/strong base titration followed in real time using a commercial glass pH
electrode and the nickel oxy-hydroxide modified Au electrode.

Indeed further analysis has shown that the relationship between the pH value calculated via the

open circuit oxide electrode potential and the pH value measured via the glass electrode is linear with
PH e =1.01pH . —0.74. Hence we conclude that the nickel oxy-hydroxide electrode offers

excellent potential as a solid state pH sensor.

oxide

3.3 Electrolytic water splitting: anodic evolution of molecular oxygen

In this section we describe the results of a comprehensive kinetic analysis on the anodic oxygen
evolution reaction (OER) carried out at nickel oxy-hydroxide coated Au electrodes in aqueous alkaline
solution. These studies were performed both as a function of base concentration and follow on from
recent papers [19,57,58] which described enhanced oxygen evolution at hydrous oxy-hydroxide
modified iron and nickel electrodes in aqueous alkaline solution. We also refer to an earlier paper
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written by Lyons and Brandon [14] which describes the OER mechanism and kinetics at oxidized (but
not potential multicycled) Ni electrodes in base.
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Figure 18. Typical steady state Tafel plots recorded for electro-precipitated nickel oxy-hydroxide
coated Au electrodes in 1 M NaOH. The oxide electrodes were formed via potential cycling at
sweep rates in the range 10 — 50 mV/s.
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Figure 19. (a) Typical steady state Tafel plots recorded for electro-precipitated nickel oxy-hydroxide
coated Au electrodes as a function of base concentration. The oxide electrodes were formed via
potential cycling at a sweep rates 10 mV/s for N = 30 cycles. (b) Typical reaction order plot
recorded at a 30 cycled nickel oxy-hydroxide coated Au electrode in the low Tafel slope
region. Average gradient over three runs is 1.12.
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Typical steady state Tafel plots recorded for as series of nickel oxy-hydroxide modified Au
electrodes in 1.0 M NaOH are presented in fig.18. The oxide films were grown via potential cycling at
sweep rates of 10, 20 and 50 mV/s between limits of— 900 mV to + 1200 mV (the latter potentials were
measured with respect to a SCE in the acetate buffer medium) for N = 30 cycles as noted previously.
Twin Tafel slope regions may be readily discerned. The first at low over- potentials, typically between
250 and 370 mV, is characterized by Tafel slopes in the range 51-54 mV/dec. At higher overpotential
the Tafel slope is typically in the range 126 — 132 mV/dec. For example for layers grown at a sweep
rate of 10 mV/s the Tafel slope at low overpotential is ca. 54 mV/dec, whereas for a layer grown at 50
mV/s the slope reduces to ca. 52 mV/dec.

The reaction order with respect to hydroxide ion activity was subsequently determined by
analysis of the steady state Tafel plots recorded as a function of base concentration (fig.19(a)). The
reaction order plot is linear (fig. 19(b)). Typically for an oxide layer grown for 30 cycles at 10 mV/s
the reaction order in the low Tafel slope region is m_ _=1.12 . Further experimental analysis (not
shown here) indicated that the reaction order at high overpotentials was close to unity. It should be
noted from fig.20 below that the Tafel slope values vary with base concentration. At low
overpotentials, Tafel slope values vary from ca. 75 mV/dec at low base concentration to ca.45 mV/dec
at 5 M base. In contrast at higher overpotentials the Tafel slope remains relatively invariant with base
concentration (typically ca. 123 mV/dec) over the range examined. Hence the oxide surface becomes
more catalytically active with respect to the OER reaction as the solution becomes more alkaline. This
can be attributed to the fact that the B-nickel oxyhydroxide phase becomes more stable in strong base
and that the oxide ages in the latter media over time.
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Figure 20. Variation of Tafel slope value for OER with base concentration at (a) low potentials and (b)
at high potentials.

The kinetic data presented in fig.18-20 can be rationalised in terms of a kinetic scheme outlined
in scheme C. Our mechanistic thinking is guided by the earlier work of Kobussen and Broers [62]. The
mechanism is presented in schematic form in scheme D. Note that octahedrally co-ordinated oxy-
nickel surfaquo groups are identified as the catalytically active species and are located within the
hydrous layer of the nickel oxy-hydroxide thin film.
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The following reaction sequence based on scheme D may be outlined:
SOH, + OH™ = SOH™ + H,0 (11)
SOH™ — SOH + e~ (12)
SOH + OH™ - SO~ + H,0 (13)
SO~ - S0 +e” (14)
SO +OH™ — SOOH + e~ (15)
SOOH + OH™ - SO, + H,0 + e~ (16)
SO, 4+ OH™ - SOH™ + 0, (17)

In the latter scheme S represents the surfaquo group which is attached to the hydrous oxide
surface by bridging oxygen ligands. The proposed catalytic cycle for the OER outlined in Scheme D,
involves an octahedrally coordinated Ni(lll) species located in the hydrous layer. This scheme is
analogous to those depicted for various different photocatalyst systems [63-65]. A common feature of
these schemes is that the starting point for the OER catalytic cycle is usually represented as a metal
coordinated water molecule. However, in the strongly alkaline conditions used in this system it is
likely that a significant proportion of these coordinated water molecules will be deprotonated. The pKj,
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value for a water molecule coordinated to a highly charged metal atom is generally in the range pKj, 5-
9 [66]. In light of this, it is more reasonable to assume that the initial deprotonation step is facile and
will occur outside of the catalytic cycle. Hence, the initial deprotonation step is depicted as a pre-step
in Scheme B and the OER catalytic cycle begins with the resultant coordinated OH ion which we
label SOH™. A second point of note regarding Scheme B is that the formation of the metal oxide SO~
(egn. 13) and metal oxo SO (eqn. 14) species are designated as rate determining. Interestingly, in a
recent theoretical study Muckermann et al. [67] showed, through the use of DFT calculations, that for
a GaN/zZnO surface with high coverage of adsorbed OH  ions the intermediate associated with the
highest energy was an oxide radical. Similarly, Rossmeisl et al. [68] performed a DFT study of the
OER at RuO, surfaces. They too found, for a surface saturated with adsorbed OH, that the highest
energy intermediate was a surface oxygen species, in this case an oxo species. Considering these
studies, the present mechanistic interpretation brings together a number of strands in the current
understanding of the OER at metal oxides, and is clearly more satisfying than our previous
presentation.

We note that the first step in the reaction sequence (eqn.11) occurs rapidly and need not be
included in the steady state kinetic analysis. If we assume that the step outlined in eqn.13 is rate
determining then the net reaction flux is given by:

fz = i/4FA = kyaoy-Tson (18)

In the latter expression a,y- represents the activity of hydroxyl ion and I denotes the surface
coverage. We use the quasi steady state approximation to evaluate the surface coverage of SOH as
follows:

dF 1 I ~
% = kilson- — kl1Tson — kalsonaon- = 0 (19)

We may readily solve to obtain an expression for the surface coverage:
Tson = kilson-/(kZy + kpaon-) (20)
Hence the net flux is given by

~ ka2kiaon-Tson-—
fs k' +kzaom- (21)

In the latter expression the primed quantities represent heterogeneous electrochemical rate
constants whose potential dependence is assumed to be given by the Butler-Volmer rate equation:

ky = kp exp[BFn/RT], k., = k2, exp[— (1 — B)Fn/RT] (22)
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In this expression n denotes the overpotential and g is the symmetry factor. In contrast the
chemical rate constant is given by its standard value and there is no potential dependence:

kn = kn (23)

Hence the net flux is given by

~ _Kk3aou—Tsou—k? exp[BFn/RT]
fz T k%, exp[-(1-B)Fn/RT]+kSapy- (24)

Now if the step outlined in eqn.13 is rate determining then we can safely assume that k2 « k2,
and so eqn.24 reduces to

fs = k3Tson-aoy-(k?/k2,) exp[Fn/RT] (25)

This expression can be readily shown to predict a reaction order of unity with respect to
hydroxide ion activity and a Tafel slope at 298 K of ca. 60 mV/dec (b = 2.303 RT /F).

In contrast, if the subsequent step outlined in eqn.14 becomes rate limiting then we can write

that

fs = k3Tso- (26)
Again using the quasi-steady state approximation we can show that

dr;to_ = Kkalson@on- — k—2ap,0l50- — k3lso- = 0 (27)
Solving for the surfaquo group coverage we obtain

[5o- = ngSOHaOH'/(kEZaHZO + k3 exp[ﬁFn/RT]) (28)
Hence the net reaction flux is given by

fo = e @
Now at high overpotentials we assume that I'soy, = 1 and also k2, > k9 and so we obtain that

fr = k3ap,o (k3 /k%)aoy- explBFn/RT] (30)

Hence when the electrochemical oxo generation step is rate limiting at high overpotentials the
flux expression presented in eqn.30 predicts that a reaction order of unity with respect to hydroxyl ion
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activity and a Tafel slope of ca. 120 mV/decade at 298 K will be observed b = 2.303(2RT/F)
assuming thatg = 1/2. Hence the kinetic analysis is in excellent agreement with experiment. Our
kinetic analysis resonates with one proposed earlier by Burke and O’Sullivan [69].

3. CONCLUSIONS

In the present paper we have described the growth of hydrous nickel oxyhydroxide thin films
on Au, GC and Pt substrates in aqueous base and examined the dynamics of redox switching in the
latter films. A number of important conclusions arise from the present paper. First, hydrous
microdispersed nickel oxy-hydroxide films are readily prepared via the repetitive cyclic potential
sweep method applied to a foreign conductive substrate in aqueous alkaline solution. The latter
method is very similar to that employed in the electropolymerization of Electronically Conducting
Polymer (ECP) films such as poly(pyrrole) or poly(aniline). The oxide/solution interface formed via
the latter procedure has a duplex character, consisting of an inner, largely anhydrous compact oxide,
and an outer, hydrated microdisperse oxide layer which exhibits significant electrocatalytic activity
with respect to anodic oxygen evolution. Second, the acid/ base behaviour of anodically formed
transition metal oxide is important when considering the mechanism of both redox switching and
oxygen evolution. Furthermore, hydrous oxides are more difficult to reduce than less hydrated compact
materials, and this may well have a significant implication for the catalysis of the cathodic ORR.
Third, the electrodeposited oxide exhibits excellent potential as a pH detecting solid state electrode and
shows response times as good as that displayed by a more conventional glass electrode. Fourth, an
OER mechanism in keeping with current ideas derived from experiments on molecular inorganic
transition metal complexes for OER catalysts has been proposed. This extends the classic work of
Kobussen and Broers [62] and utilizes the concept of a surfaquo groups involving a metal oxide and
metal oxo species as participants in the rate determining step of the oxygen evolution reaction under
electrochemical conditions [69]. Indeed we can conclude that the chemistry of the surfaquo group
determines the chemistry of the OER catalytic cycle.
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